Fern (Onoclea sensibiis L.) gametophytes exposed to blue light are induced to undergo a morphological transition from a tip-growing filament to a planar prothallus. Extracellular measurements of electric currents and localized ion activities around the apical cell of 8 to 10 day-old gametophytes were made with a vibrating probe and ion selective electrodes. In darkness, we observed exit current densities of an average of 75 nanoamperes per square centimeter near the tip and 2 to 15 nanoamperes per square centimeter along the lateral walls of this cell. Measurements with ion selective electrodes for HI, K+, and Ca2l showed that this cell was bounded by a thin layer of medium that was depleted in K+ and Ca2l and exhibited a lower pH than the bulk solution. Both the K+ and Ca2+ depletion zones and the zone of higher acidity were particularly pronounced at the tip end of the cell; the pH at 2 micrometers from the tip was nearly 0.5 units more acid than the bulk medium at pH 6. Disruption of steady state, external gradients with media that contained lower concentrations of H+, K+, Ca2l, or Cl-produced certain differences in the rates of restoration of particular ion zones, raising the possibility that some of the ion migrations are interdependent. Within 15 minutes after irradiation with blue light, current leaving the tip declined to levels which were indistinguishable from those leaving the lateral walls and there was a rapid lowering in the rates of tip acidification and K+ depletion near the tip. The rapid dissipation of both the longitudinally aligned electrical field and the tip-localized asymmetries in external cation distribution in blue light suggest that loss of electrical polarity in this tip growing cell may be an initial step in the chain of events which govern changes in cell shape.
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The induction of cellular polarity is often observed as the first event in the morphogenesis of single-celled plants. Recent investigations on how apolar plant structures establish polarized growth have strongly implicated endogenous ionic currents as the causal agent in axis establishment (2, 14, 31) . Electric fields have been shown to anticipate and/or accompany polarized growth in single-celled structures as diverse as algal zygotes (18, 19) , barley root hairs (32) , lily pollen tubes (30, 33) , and fungal hyphae (1, 12, 16) . These tip-growing structures produce steady, self-generated ionic currents in the range of 1 to 5 ,uamp cm-2 that traverse the length of the structure.
We have been studying the process of cellular polarity in the gametophyte generation of the fern Onoclea sensibilis L. The filamentous portion of this organism is an intriguing experimental I Present address: Department of Biology, McGill University, Montreal, Quebec, Canada. system to investigate the role of localized ionic currents in cellular polarity because it differs from the other tip-growing systems studied to date in several important features. Unlike the other structures that are specialized for nutrient uptake, the fern filament is specifically designed to carry out photosynthesis; any electric fields measured around the filament are more likely to have developmental, instead of nutritional significance. Second, the ability of blue light to alter the growth pattern from the tipgrowing filament to the two-dimensional prothallus (8, 11) provides the rather unique opportunity to determine if a change in field orientation consistently precedes the change in growth polarity.
Our studies with conventional microelectrodes showed that the apical cell of dark grown filaments acts as a cellular dipole: the tip is 5 mV electronegative relative to the base (22) . Irradiation with 10 to 120 s of blue light promoted further hyperpolarization of the tip by 5 mV over a 3 min period; however, a separate microelectrode located at the base of the cell showed little change in the membrane potential in this region. About 5 min after the tip had hyperpolarized, the microelectrode in the base revealed a similar, but larger (15 mV) , hyperpolarization of the membrane at the base, even though the organism had remained in darkness following its initial exposure to light. Together, these events make the cell interior equipotential within 10 min after the onset of blue light (22) . Inhibitor studies have suggested that the photoreceptor which mediates the initial electrical events as well as the ultimate morphological response is a flavoprotein coupled to an electron transport chain in the plasma membrane (5) . Regardless of whether the activity of the electron transport chain itself contributes to membrane hyperpolarization, the sensitivity of both electrical and morphological response to vanadate (5) implies that the activated photoreceptor is also able to stimulate H+-pumping ATPases of the apical cell plasma membrane.
In this study, we present additional observations of the electrical and ionic events in the fern gametophyte apical cell during the light triggered transition from tip growth to isodiametric expansion in blue light. Our primary objectives were to determine whether the dark-grown filament generated a cellular field similar to those seen in other tip-growing cells and to identify the ions that carry this current. Second, in order to gain further understanding of how blue light regulates gametophyte morphogenesis, we monitored changes in media-borne currents and in the free concentration of ions following blue light irradiation.
(Note: We use the term 'concentration' as a general term to define the molar composition of bathing media. Since the ion selective electrodes actually monitor ion activity, rather than concentration, we have adopted the use of the term 'free ion concentration' to make clear the distinction between the concentration of fully ionized cation and anion species in solution and the concen-trations of those ions which are nonionized or bound.) Vibrating Probe. A vibrating probe system, similar to that described by Jaffe and Nuccitelli (13) during the introduction of this technique, was used to measure currents around fern gametophytes. Probes were constructed from gold plated, glass capillary pipets filled with melted and resolidified solder as de-scribed in the original paper. The electroplated platinum ball on the tip of the probe, which serves as the voltage-sensing portion of the instrument, was 10 to 15 pum in diameter. Probes were bonded to a lucite holder (similar to the 'boat' described in the original paper) with silicone cement and this assembly was attached to the piezo electric 'bender' element on the micromanipulator arm. Probes were calibrated and adjusted following procedures outlined in Jaffe and Nuccitelli (13) using known currents injected from a glass micropipet into APW medium. Current is defined in our system in the conventional sense, that is, as the flow of positively charged particles. For calibration procedures and during experiments the probe was vibrated at 150 to 300 Hz, with an excursion distance of 10 to 20 ,um. With a lock in amplifier time constant of 10 s and a medium resistivity of 104 Q-cm these vibration parameters were expected to have a noise threshold of about 6 nA/cm2.
MATERIALS AND METHODS
Gametophytes grown on agar were transferred under dim green safelights to a horizontally mounted perfusion chamber by excising a section of agar from the dish. This chamber had a fluid volume of about 1.5 ml and was equipped with small-diameter tubing to allow slow perfusion (0.1 ml/min) of the dish with fresh APW medium. This flow rate was increased to 2 ml/min for a period of 2 min for experiments in which the steady state distribution of ions around the gametophyte was to be altered. Medium conductivity was measured before and after infusion of a medium with different ionic composition. The perfusion chamber was attached to a specially designed holder on the X-Y stage positioner of a Zeiss model D inverted microscope. Microscopic observation of the gametophyte during probe measurements was done in green light provided by filtering the 60 W tungsten light source through a sandwich of a Zeiss interference filter (peak wavelength 546, bandwidth 10 nm) and two layers of a broadband absorption filter (Roscolene 871, Roscoe Labs, Port Chester, NY). Further adjustments of light intensity were obtained by positioning glass neutral density filters in front of the green filter pack. In certain experiments gametophytes were exposed to blue light by irradiating a small region of the dish with a fiber optic light source positioned about 5mm from the preparation. The fiber optic transmitted blue light from a filtered tungsten source (peak wavelength 454 nm, bandwidth 10 nm) to the dish with a beam diameter at the surface of the agar plate of about 1 mm and an intensity of 0.2 W/m2. It was previously determined that the blue light from this source was sufficient for eliciting isodiametric expansion in the apical cells of over 90% of gametophytes tested.
Because our experiments required making field measurements on several gametophytes before and during blue light irradiation, we devised a system of gametophyte mapping coordinates so that current measurements at various locations around the gametophyte apical cell were somewhat standardized and, thus, could be directly compared. These coordinates consisted of an inner and outer shell of measuring sites (Fig. 6) , each of which were manually registered by noting the x-y coordinates on the calibrated stage positioner. In this way it was possible to change position of the perfusion chamber during measurements and be able to relocate any of a number of selected gametophytes from which earlier measurements were made. At every mapping site, for each selected gametophyte, we made two determinations of endogenous currents; one was made with the probe vibrating normal to the longitudinal axis of the gametophyte, the other with the probe vibrating parallel to the growth axis. These orthogonal components permitted us to deduce a single vector which reflected the relative size and direction of medium-borne currents.
Data Acquisition and Analysis. Electrical signals from both the vibrating probe and ion selective electrodes were recorded on Houston instruments model 1000 strip chart recorders. Figure 2 , both areas were more acid than the bulk medium at pH 6. Entry of K+ and Ca2+ into the tip region was inferred from the existence of K+ and Ca2+ depletion zones near the tip, with K+ depletion being the larger of these signals.
To determine how far these localized ion distributions extended into the bulk medium, we mapped the activity of these three cations at increasing distances from the surface of the apical cell at steady state. Figure 2 shows we carried out experiments, similar to the ones described above, in which we observed the restoration of steady state following medium replacement. In this case, however, the gametophytes were exposed to 2 min of blue light during the infusion of new medium. Averaged traces from a number of experiments involving blue light-treated gametophytes are shown in Figure 5 .
Comparison of the restoration of localized ion distributions in light-treated gametophytes with data from similar experiments performed in darkness (Fig. 4) , revealed that the only significant changes in ion distribution occurred near the tip and involved H+ and K+. Irradiation of gametophytes with blue light lowered both the rate and magnitude of acidification near the tip. The brief exposure to light did not appear to affect the timing of these responses, as acidification of the tip region in both dark and light treated samples was observed as soon as the electrode was placed at the tip position. The rate and extent of depletion of K+ from the tip was also decelerated in blue light, although, in the light treated organisms, there was a noticeable lag of about 2 min in the onset of the response. Extracellular Currents. Collection of current density readings from measuring coordinates around the apical cell of many gametophytes indicated that, in darkness, this cell exhibited a tipexit current (Fig. 6A) . On the basis of the measurements made with ion selective electrodes above, we are inclined to believe this current is largely dependent on proton efflux. Weaker, inwardly directed cation currents were evident along most of the length of the lateral walls of the apical cell (Fig. 6A) , suggesting that the cellular dipole was skewed towards the tip end of the cell. Figure 6B shows the position and magnitude of vectors calculated for the measuring coordinate data shown in Table I .
Irradiation of the apical cell with 2 min of blue light caused the mean steady current leaving the tip to increase slightly within 4 min (Table I ). In the ensuing 10 min steady current at all coordinates closest to the cell declined to less than 10 nA/cm2 (Table I) . Continued slow decline in the tip current occurred up until 30 min following light treatment (Table I) tration from pH 5 to pH 8 had the greatest effect on the current with less than 20 nA/cm2 detectable at pH 8. Decreasing K+ concentration from 10-4 to 10-6 M caused a slight increase in the measured current from 76 to 86 nA/cm2; a further decrease to 10-7 M decreased the current to 66 nA/cm2. Following each decrease in Ca2+ from 10-4 to 10-7 M, tip current increased by a small increment (about 5 nA/cm2). From these data it is clear that H+ and, to a lesser extent, K+ had the greatest influence on currents measured in the surrounding medium. The increase in current between pH 6 and pH 5 as well as the decrease between pH 6 and pH 8 may be explained by the strong dependence of the membrane potential on pH in green plant cells (25) . Since the pH of the cytoplasm is expected to be about pH 7, external pH of 6 and 5 would successively hyperpolarize the membrane, whereas pH 8 would depolarize it.
The effect of K+ is harder to interpret. Lowering K+ from 10-4 to 10-5 M would tend to hyperpolarize the membrane of a typical plant cell (interior K+ concentration of about 100 mM), which might cause the observed increase in current. However, the drop in current at 10-7 K+ cannot be explained on this basis and may be an indication that the low availability of K+ in the external medium compromises the ability of the ion transporter to extrude H+. Since the effects of Ca2+ were small, it is possible that Ca2+ does not have a direct function in current generation in this organism. However, a conceivably serious limitation in the Ca2+ measurements is the lack of accessibility to the space between the cell wall and the outer surface of the plasma membrane, which contains the population of ions that are most relevant in determining the electrochemical gradients across the membrane. Although these ions are separated from the tips of ion selective electrodes by only the thickness of the wall (about 0.2 ,um), the high density of fixed anion charges in this region Table I (dark conditions), and the vectors are plotted such that the midpoint of each vector overlays the midpoint of probe excursion. 'N' is the nucleus of the cell.
(6, 15) may conspire to create steep asymmetries in the distribution of exchangeable cations, such as Ca2 .
The contributions of H+ and K+ fluxes to the measured currents in the gametophyte were examined further in experiments summarized in Table II . These data include rates of ion accumulation or depletion from zones near the tip and base of the cell, as well as steady tip current, when the cells were exposed to medium that had lowered concentration of H+, K+, Ca2 or Cl Because of the logarithmic relationship between the voltage response of the electrode and the actual ion activity, it was necessary to mathematically transform each electrode response, measured as the change in mV/s, against a particular background of ion activities, into directly comparable changes in the free concentration of ions (the equation and assumptions for these calculations are shown in the footnotes to Table II) . When cells were presented with a medium of high pH, the apparent rates of proton extrusion and potassium ion uptake through the tip and base regions were lowered and the current declined to about 30% of its value in APW 6. The converse experiment, with low K+ in the medium, produced a similar result; that is, the rate To the extent that more protons tend to leave and fewer K+ tend to enter the tip of the cell, a net tip-exiting current should be generated. To determine how the extracellular currents measured with the vibrating probe compared with currents derived from our measurements of ion fluxes with ion selective electrodes, we performed two types of calculations. In the first, a mathematical estimate of net current was performed using the measurements of external, steady state concentrations of H + and K+, and Fick's law for diffusion in one dimension: J = -DAcl Ax. For the purposes of these calculations, the data in Figure 2 , showing H + accumulation and K + depletion at increasing distances from the tip, were assumed to be roughly linear. 4) . In certain examples, in fact, there appears to be a chemotropic character in the tip growth response in the presence of particular media-borne components. For instance, the rhizoids of fucoid zygotes will preferentially grow towards a concentrated source of the calcium ionophore A23187 (24) . In addition, the hyphae of the water mold Achlya appear to use an inward proton flux to cotransport methionine, an amino acid essential for its growth (16) .
On the other hand, the apical cell of the photosynthetic fern filament exhibits positive phototropic growth (7, 9) , with the rate of tip extension being relatively insensitive to the ionic conditions in the medium (17; TJ Cooke, unpublished observations). The fate of the gametophyte apical cell is to become an aerial structure which assumes a rather complex two-dimensional morphology, whereas root hairs, fungal hyphae, algal rhizoids, and pollen tubes do not undergo major changes in form, nor are they ever capable of departing from an aqueous environment. For these reasons it is probable that an aerial, photosynthetic, tipgrowing structure like the fern gametophyte must conform to a more complex set of developmental cues in a dessicating environment, where solvated ions may be in limited supply. Our observations suggest that the existence of an electric field along the dark-grown apical cell of the gametophyte is secondary in importance to the underlying ion transport events, which are responsible for gradients of pH, turgor, and, possibly, cytoplasmic calcium that contribute to the phenomenon of tip growth.
